Summary -Bread wheat, Triticum aestivum, produces large edible grains and is consumed by 75% of the world's populations. Cereal cyst nematodes have a global distribution and cause significant economic yield losses in many countries. Therefore, there is an urgent need to identify new resistance sources. In this study, the genetic diversity of 43 wheat accessions in response to cereal cyst nematode, Heterodera filipjevi Isfahan pathotype, was assessed using a simple sequence repeat (SSR) marker. Seven primers were used, out of which five primers showed polymorphisms. Alleles per primer varied from one to three per locus (mean 2.85). The highest and lowest polymorphic information content of 0.81 and 0.44 (mean 0.66) were related to Xgwm 3012DL and Xgwm147, respectively. Genetic similarity was 29-88% between accessions. SSR analysis divided the accessions into five main groups. Resistant cultivars 'Bam' and 'Behrang' possessed both Cre1 and Cre8 resistant genes. The Cre3 and Cat genes were partially sequenced in five cultivars of different responses to H. filipjevi. The nucleotide sequences were compared to Cre3 and Cat homologues, indicating 93-100% and 86-92% homology, respectively. The MEGA program showed highest similarity of Cre3 and Cat genes amplified with the resistance gene analogues (RGA14) in the wheat and Cat3-A1 gene in 'Carnamah'. This research showed that SRR markers could efficiently verify genetic diversity between wheat accessions, and the known resistance genes (Cre genes) against the cereal cyst nematodes could not control the H. filipjevi Isfahan pathotype populations, except the Cre1 gene.
Bread wheat Triticum aestivum (2n = 6x = 42), belongs to the family Poaceae, which is considered the most diverse and important family of the plant kingdom. This plant produces large edible grains and provides about half of the food calories for humans (Wang et al., 2017a) . It is known as the first and most important cereal crop in the world and is widely consumed by 75% of the world's population (Drikvand et al., 2013) . Genetic variation in landraces and domesticated wheat has been shown to provide resistance against a wide variety of both biotic and abiotic stresses (Pariyar et al., 2016a) . The effective control of diseases of cereals, in particular wheat, is critical to maintaining stability in global food supplies (Ogbonnaya et al., 2008) . The availability of genetic variability in wheat material is a prerequisite for any breeding programme aimed towards the improvement of wheat productivity (Kumar et al., 2016) . Therefore, there is an urgent need to identify new resistance sources against pests and diseases and incorporate them into high yielding cultivars (Kong et al., 2015) . The development of such varieties requires a continuous supply of a source of desirable genes and/or gene complexes. The sources of such genes could be: i) bread wheat varieties, which have not been used very intensively but have a higher general adaptation; ii) landraces; iii) wild relatives; and iv) weed species (Salem & Mattar, 2014) .
A number of pests and diseases attack wheat, of which nematodes have been considered universally as one of the important microscopic organisms (Erum et al., 2013) . The cereal cyst nematodes (CCN: Heterodera spp.) have a global distribution and cause significant economic yield losses in many countries of the world (Hajihassani et al., 2010; Pariyar et al., 2016b; Renco et al., 2018) . The main cyst nematode species attacking cereals are Heterodera avenae, H. filipjevi and H. latipons Toumi et al., 2013; Baklawa et al., 2015) . The H. avenae group consists of 12 valid and several described species that infect cereals and grasses (Jing et al., 2014; Dababat et al., 2015; Wang et al., 2017a) . The damage caused by CCN can be mitigated through several methods, including crop rotation, cultural practice, host resistance and application of nematicide. Incorporating resistance genes into wheat cultivars and breeding resistant lines is considered the most cost-effective control measure for reducing nematode populations . Resistance is also environmentally friendly and achievable with the collaboration of research groups around the world (Smiley et al., 2011; Smiley & Marshall, 2016) . Developing high yielding cultivars with tolerance to abiotic and biotic stresses is one of the main challenges in Iran due to limited information about CCN. Therefore, it is also necessary to identify, confirm and incorporate nematode resistant sources into new high yielding cultivars (Karimipour Fard et al., 2016) .
A fundamental strategy in validating sources of resistance within wheat breeding programmes is the identification of CCN to the species level, combined with pathotype determination, as the resistant cultivar can react in various ways depending on the CCN species and/or pathotype . Although CCN has caused significant economic losses over the last 40 years, relatively few resistance genes have been cloned and characterised (Holgado et al., 2006) . Differential host-nematode interactions occur in wheat cultivars carrying different CCN resistance (Cre) genes (Montes et al., 2008) . To date, 16 different CCN resistance genes designated as Cre1 to Cre8, CreR, CreX, CreY (Smiley & Nicol, 2009) , CreZ (Zhai et al., 2008) and Ha1 to Ha4 (Bakker et al., 2006) have been genetically mapped in wheat and its relatives. The Cre3 locus, which was derived from Aegilops tauschii, has the greatest impact on reducing the number of cysts, followed by Cre1 and Cre8. Cloning these genes is essential for understanding the mechanism of this resistance and further application in breeding. Only Cre3, a NBS-LRR disease resistance gene, has been obtained through mappedbased cloning in A. tauschii (Zhai et al., 2008) . Williams et al. (2003) used this RFLP as a starting point to locate the gene Cre8 that provides CCN resistance and/or tolerance in the cultivar 'Molineux'. Some of these genes have been mapped and molecular markers either linked or co-segregating with resistance genes have been reported for Cre1 (Williams et al., 1994; , Cre3 (Eastwood et al., 1994; Lagudah et al., 1997; Al-Doss et al., 2010) and Cre6 (Ogbonnaya et al., 2001) . Allelism tests in A. triuncialis have indicated that Cre7 segregated independently of Cre1 on chromosome 2BL and Cre4 on chromosome 2DL and these genes could consistently be combined in the same genotype, inducing a more durable resistance to CCN (Montes et al., 2008) . Commercial Turkish cultivars and breeding lines have been screened for the presence of the Cre1 gene but it was not found (Akar et al., 2009; Ozarslandan et al., 2010) . The expression profiling of CreZ has indicated that it was specifically expressed in the roots of resistant plants and realtime PCR analysis has demonstrated that expression levels drastically increased when plants were infected with CCN. CreZ belongs to the NBS-LRR resistance gene family that is a candidate gene for potential resistance to CCN (Zhai et al., 2008) . Barloy et al. (2007) also determined that pyramiding the CreX and CreY genes increased levels of resistance to H. avenae pathotype Ha12 compared to either gene separately.
Molecular markers have proved to be a very powerful tool for genotype characterisation and estimation of genetic diversity (Drikvand et al., 2013) . Several markers have been used in wheat, such as random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), sequence tag sites (STS), inter simple sequence repeats (ISSR) and simple sequence repeats (SSR), and elect single nucleotide polymorphism (SNP) (Khlestkina et al., 2004; Pariyar et al., 2016a; Wang et al., 2017a) . SSRs are abundant in most genomes and accessible by PCR where flanking DNA sequence is valuable. Their ease of use and high information content has ensured that they have largely replaced RFLP as a mapping technology in different organisms (Drikvand et al., 2013) . Also, use of SSRs has already been well established in plants for accessing in the relatively less diverse species like wheat (Kumar et al., 2016) and barley (Naceur et al., 2012) . SSR loci are now being incorporated into the established genetic maps of major organisms (Erum et al., 2013) . In this regard, SSRs, due to their multi-allelic nature, have been extensively used in several crops (Hou et al., 2017) . Wheat microsatellite markers (WMS) (Röder et al., 1998) are known to be abundant, highly polymorphic, reliable and relatively easy in application, and have already been used in several studies to estimate the genetic diversity in wheat (Salem & Mattar, 2014) . Molecular marker-based diagnostics have emerged as a potential tool to screen wheat germplasm for using in incorporating resistance against CCN in wheat cultivars (Erum et al., 2013) . A genome-wide association study of 161 winter wheat accessions was performed with a 90K iSelect SNP chip. The results showed an uneven distribu-tion of mapped markers across wheat genomes A, B, and D. A high density of SNPs was located on genomes A (38.43%) and B (51.71%), while a relatively low number of SNPs were detected on genome D (9.85%). Eleven quantitative trait loci (QTLs) on chromosomes 1AL, 2AS, 2BL, 3AL, 3BL, 4AS, 4AL, 5BL and 7BL were identified using a mixed linear model false discovery rate of P < 0.01 that explained 43% of total genetic variation (Pariyar et al., 2016a) .
The aims of this study were: i) to evaluate the response of 43 wheat accessions to CCN, H. filipjevi Isfahan pathotype; ii) to determine their genetic diversity for the presence of resistant genes by using SSR markers; and iii) to trace the Cre3 gene in some of the accessions.
Materials and methods

WHEAT ACCESSIONS
A collection of 30 irrigated and 13 rainfed wheat accessions, including 26 spring, ten winter and seven facultative cultivars, were screened ( In the glasshouse, ten representative seeds from a collection of 43 wheat accessions were selected from every accession. The widely grown winter wheat 'Back Cross' in Iran was used as a susceptible control. The seeds from every accession were germinated in moistened tissue in Petri dishes for 3 days at 22°C. After germination, five identical seedlings were tested for nematode response. Glass containers (200 ml) were filled with a sterilised potting mixture of sand, field soil and organic matter (40:30:30, v/v/v) . One germinated seed was planted per container and plants were organised in a completely randomised design (Dababat et al., 2014) . Each plant was inoculated with 1000 freshly hatched second-stage juveniles (J2) of H. filipjevi in 5 ml water put into three holes around the shoot base 7 days after transplanting. Plants were grown in a glasshouse at 26 ± 2°C, 16 h photoperiod and 65% RH. Plants were harvested at 65 days post infection (dpi) to collect cysts from the soil and the roots. The soil from each tube was collected in a beaker filled with water and the soil mixture was stirred, and then left for about 30 s to allow the heavy sand and soil debris to settle down. Roots were washed very gently on the upper sieve to free any females and cysts left attached to the root system (Toumi, 2017) . The soil mixture was poured through 850 and 250 μm sieves. This process was repeated three times (15 plants) to ensure all females and cysts were collected. Females and cysts from both roots and soil were captured on a 250 μm sieve and counted under a dissecting microscope. The roots were further checked for females and cysts that had not been dislodged during the washing process. The host status of the tested wheat accessions was determined and categorised into five groups based on mean number of females and cysts present per plant (Dababat et al., 2014; Jaabari et al., 2015) .
In the field, plant samples (30 plants for each accession) were carefully collected 1 month before harvest, keeping intact as much of the root systems as possible. Roots were freed of soil using a gentle stream of tap water over a 60-mesh sieve. The clean roots were examined for the presence of white females. Harvesting took place in June 2016. To determine the total numbers of white females and brown cysts, samples of 43 roots of wheat and soil were taken from each replicate and examined for observation of adults using a stereomicroscope as was done for glasshouse samples (Ahmadi et al., 2013; Abbassi et al., 2015; Smiley & Marshall, 2016) . The host status of the tested wheat accessions was determined and categorised into five groups based on mean number of females and cysts present per plant (Dababat et al., 2014; Jaabari et al., 2015) .
DATA ANALYSIS
The data were first converted with Asin √ x + 0.5 for homogeneity. Then analysis of variance was performed using SAS software, version 9.1.3, and the means were compared with Duncan's multiple range tests. Statistical differences were accepted as significant at P 0.01 (SAS Institute, 2004) .
DNA EXTRACTION
Genomic DNA was isolated from young leaf tissue of 2-week-old seedlings (one individual for each accession) using the DNA extraction kit (RNA Biotechnology). The quality of the extracted DNA was examined under 1% agarose gel electrophoresis and spectrophotometer method (LMS). The final DNA concentration of each template stock was adjusted to 50 ng μl −1 (Drikvand et al., 2013) . PCR AMPLIFICATION PCR reaction contained 50-100 ng template DNA, 250 nM forward primer, 250 nM reverse primer, 0.2 mM dNTPs, 12.5 μl PCR Master Mix (2×) in a total volume of 25 μl. Seven pairs of primers were used to amplify segments of various Cre genes from wheat genotypes. The amplified Cre genes, primer sequences and PCR cycling required for these primers are shown in Table 2 . The SSR markers used were Crecon, Xgwm301-2D, Xgwm140, Xgwm147-6B, Xgwm636-2AS and OPY16-3BL. The PCR reactions were performed as described by Röder et al. (1998) using a T100™ thermal cycler (Bio-Rad). PCR products were resolved on 1.5% agarose gel (Al-Doss et al., 2010; Khaled et al., 2015) .
To amplify the Cre3 and catalase (Cat) sequences, a cultivar was selected from each cluster, according to the dendrogram obtained from the SSR markers, including 'Pishtaz' (moderately resistant; MR), 'Sirvan' (moderately susceptible; MS), 'Back Cross Roshan' (susceptible; S), 'Ohadi' and 'Homa' (highly susceptible; HS). The respective specific primers, forward: GATGTGA GATGCGCCAATT, reverse: TCTGCCACCCACAACT TAAG and forward: GCTATTTCATCCCCTTCTGC, reverse: GGGCCAAAGACTCGAAACA, that can recognise the putative disease resistance (RPP13)-like protein and catalase in wheat, were used (Ermishev et al., 2001; Jayatilake et al., 2015; Li et al., 2015) .
DATA COLLECTION AND DIVERSITY
Gels were scored as binary data matrix. The presence (1) and absence (0) of the alleles for each microsatellite marker were recorded for each variety. Gene diversity was calculated according to the formula of Nei (1973) using the equation,
where k is the total number of alleles detected for each primer of a marker and P i is the frequency of the ith allele in the set of the forty-three Iranian wheat accessions. Anderson et al. (1993) indicated that gene diversity is essentially the same as the polymorphic information content (PIC) as used by Botstein et al. (1980) . To determine variability at each locus, the genetic parameters of variability were estimated using POPGENE1.32 software, including number of observed (A o ) and expected (A e ) alleles per locus, observed (H o ) and expected (H e ) heterozygosity, Shannon's information index (I ) (Shannon, 1948 ), Nei's Gene diversity (h) and PIC (Yeh et al., 1999) .
GENETIC SIMILARITY ESTIMATION AND CLUSTER
ANALYSIS
The data were analysed using the SIMQUAL (Similarity for Qualitative Data) routine to generate Jacquard sim- 
Results
SCREENING WHEAT GENOTYPES FOR RESISTANCE TO CCN
The results showed a significant difference among the cultivars under the field and glasshouse conditions (P < 0.01). The screening of 43 irrigated and rainfed wheat accessions resulted in identifying 5% of accessions as resistant, including 'Bam' and 'Behrang', and 19% as moderately resistant, 30% as moderately susceptible, 28% as susceptible and 18% as highly susceptible to H. filipjevi. The significantly highest and lowest number of cysts in both the glasshouse and the field were in 'Azar II' and 'Bam' with an almost five-fold difference between these wheat accessions ( Table 1) .
The results showed that, in the glasshouse, the lowest number of cyst was in 'Behrang' with an average of 15 cysts (3 cysts plant −1 ) followed by 'Bam' with a mean of 15.3 cysts (200 cc soil) −1 (3.1 plant −1 ). In field conditions, the highest and lowest numbers of cysts were on 'Azar II' and 'Bam' with 447.6 (200 cm 3 soil) −1 (44.7 plant −1 ) and 113.33 (200 cm 3 soil) −1 (11.3 plant −1 ), respectively. Also, cluster analysis of the combination of glasshouse and field results divided the wheat accession into five distinct groups according to the number of cysts, which matched results of Duncan's multiple range tests (Table 1) . SCREENING WHEAT GENOTYPES FOR Cre GENES Seven microsatellite markers linked to Cre1, Cre3, Cre5, Cre8, CreX and CreY genes were used in this study. The results showed that five pairs of primers produced polymorphic bands and each primer pairs detected two loci, and 20 polymorphic bands were detected (Figs 1,  2) . The two primer pairs G035 and OPY16 did not produce any bands or polymorphic bands. The majority of the primers had high PIC and identified high levels of polymorphism. The PIC values ranged from 0.44 (Xgwm 147) to 0.81 (Xgwm 301), with an average of 0.66 for 2 . The band pattern generated by electrophoresis of DNA replication of resistant and susceptible wheat cultivars of Heterodera filipjevi with Cre8 primer pairs in 1.5% agarose gel. M: molecular marker with band size 3000, 2000, 1800, 1500, 1000, 800, 700, 600, 500, 400, 300, 200,150 and 100 bp; C: negative control; 1. 'Bahar', 2. 'Ghaboos', 3. 'Heydari', 4. 'Mihan', 5. 'Karkheh', 6. 'Azar II', 7. 'Zare', 8. 'Sistan', 9. 'Shabrang', 10. 'Ohadi', 11. 'Orom', 12. 'Rasad'. all markers (Table 3 ). The number of alleles per locus ranged from one to three with an average of 2.86 for wheat cultivars. The genetic diversity of loci 'h' ranged between 0.16 for Xgwm 636 to 0.44 for Xgwm 140.
Gene diversity was estimated, using Shannon index and the maximum genetic diversity was shown by Xgwm 140, which exhibited the highest value of 0.63 with a mean value of 0.47. A o = Observed number of alleles; PIC = Polymorphic Information Content; A e = Expected number of alleles; I = Shannon's Information index (Shannon, 1948) ; h = Gene diversity (Nei, 1973) .
CLUSTER ANALYSIS
Genetic similarity values among cultivars ranged from 0.11 to 0.88. The lowest and highest genetic similarity was observed between 'Bam' and 'Aftab' and 'Ghaboos' and 'Kohdasht', respectively. To present the genetic relationship among 43 wheat accessions, a dendrogram was constructed ( Fig. 3) . At the 44% similarity coefficient, cultivars could be divided into five major groups. Two resistant and six moderately resistant cultivars were located in the first two clusters, I and II, and the highly susceptible, susceptible and moderately susceptible cultivars were placed in the next three clusters, from III to V. Ten rain-fed cultivars were grouped in cluster V. Out of 43 accessions there were nine exceptional ones, 'Aflak', 'Alvand', 'Arg', 'Back Cross Roshan', 'Bahara', 'Chamran', 'ChamranII', 'Ofogh' and 'Pishgam', which were not compatible with the phylogenetic grouping (Fig. 3) and were located randomly in the respective clusters.
SEQUENCING RESULT OF THE Cre3 AND Cat GENES In all the wheat accessions, Cre3 and Cat fragments of about 385 and 500 bp represented the products of the specific amplification of wheat genomic DNA. The Cre3 sequence showed similarity to many of the isolated clones in the GenBank database using the BLAST program (Table 4). They have been cloned from cereals like T. aestivum, Secale cereale and Hordeum vulgare. The deduced amino acid sequences of these clones indicated that these sequences contain domains similar to NBS domains of other resistant proteins and are mostly regarded as putative NBS-LRR disease resistant genes. Comparison of the nucleotide sequences of Cre3 and other putative R gene clones revealed that these clones contain some conservative nucleotide sequences.
The nucleotide sequences 5 -TAC TGG ATG ATG TCT GGT GCA-3 (nucleotide position in Cre3 gene 536-556) and 5 -TGG CAG AAG GGT TCA TAAGAA-3 (nucleotide position in Cre3 gene 1040-1060) are those conservative sequences and may be used to show RGAs.
According to the BLASTn comparison, the highest similarity of the Cre3 amplified in 'Homa', 'Ohadi', 'Pishtaz' and 'Sirvan' was with the RGA14 gene in wheat at the GenBank, and was 100, 99, 99 and 93%, respectively. The lowest similarity with these cultivars was with resistance protein from the Rlcs4 gene with 92, 91, 92 and 86%, respectively. Therefore, there was no difference in the presence of these genes between the tested accessions.
The BLAST search indicated that the Cat sequence was similar to numerous other isolated clones in the NCBI database (Table 5) . They are cloned from cereals like T. aestivum, H. vulgare and A. tauschii, and are mostly considered to be putative Cat genes.
In the case of the catalase gene amplified in the tested accessions, the highest similarity was observed with the Cat3-A1gene in 'Carnamah' with 98%, in 'Back Cross Roshan', 'Homa' 96% and 'Sirvan' 83%, whereas 'Ohadi' had only 12% similarity with this particular gene. The genetic distance matrix of the studied genes and phylogenetic tree based on the neighbour joining method was drawn by Mega software, which confirmed the results of BLAST software ( Fig. 4; Table 6 ).
Discussion
The CCN, H. filipjevi, infests wheat fields and causes substantial yield losses. One of the effective methods for controlling this pest is the use of resistant wheat cultivars. The use of resistant cultivars is the preferable method to manage this nematode and it is important to use molecular markers to define the genetic constituents of resistant plants. However, only a few resistance sources have been identified in cereals and no durable resistant cultivar is available for H. filipjevi in wheat (Dababat et al., 2014) .
Investigations on the resistance of 43 tested wheat cultivars showed remarkable and different reactions in response to H. filipjevi. The different response of wheat accessions suggested genetic variation within the screened accessions as far as sources resistant to CCN are concerned. The number of cysts on the wheat plants differentiated the cultivars according to the described scoring scales. The infection rate and the number of females and cysts per plant were significantly lower in the resis- Seah et al. (1998) The origin of the Triticum aestivum cultivars is China; origin of Secale cereale is Russia; origin of Thinopyrum intermedium is China; origin of Hordeum vulgare is Canada. Frugoli et al. (1998) The origin of all Triticum aestivum cultivars is Australia; origin of Hordeum vulgare is Canada.
tant accession 'Behrang' and 'Bam', and three moderately resistant accessions 'Parsi', 'Bahar' and 'Pishtaz' compared with highly susceptible 'Azar 2'. These resistant cultivars can be used in nematode management programmes, tracking and transferring resistance genes to desirable crop cultivars. Pariyar et al. (2016b) searched for new sources of resistance against H. filipjevi in a large collection of wheat accessions, including 20 Iranian ones from various regions: Ardebil, Karaj, Mashhad and Maragheh (DARI), and Miyandoabe derivatives of 'Alumroot'/'Shahroodi', out of which only the lines 'IR-ARD' and 'Miandoab' were moderately resistant and the rest were moderately susceptible and/or susceptible. Currently, resistant and tolerant wheat cultivars to cyst nematode are widely used in many European countries, such as UK, Denmark, France and Sweden, and also Australia (Rivoal & Nicol, 2009; . Therefore, identifying and recognising resistant genes in the cultivars under study is important for durable resistant wheat breeding.
There was a critical differences between the wheat accessions for Cre1 gene. Both Cre1 and Cre8 genes were present in resistant and moderately resistant accessions, whereas the majority of highly susceptible, susceptible and moderately susceptible accessions lacked the Cre1 gene. Earlier reports showed that the gene-based SSR marker (Xgwm301) has the most significant association explaining 27% of the phenotypic variation in CCN resis- Fig. 4 . Neighbour joining of phylogeny tree obtained from molecular data of Cre3 and Cat genes in 'Back Cross Roshan', 'Homa', 'Ohadi', 'Pishtaz' and 'Sirvan' with GenBank sequences. This tree was constructed using MEGA 4.0 (Tamura et al., 2007). tance amongst wheat genotypes. In addition, there was a significant association between CCN resistance and Cre1 locus, which explained 12% of the phenotypic variation (Al-Doss et al., 2010) . Safari et al. (2005) concluded that Cre3 had the largest impact on reducing the number of cysts, followed by Cre1 and Cre8. Khaled et al. (2015) evaluated 17 different genotypes of wheat using microsatellite markers associated with Cre1 and Cre3 Table 6 . Matrix of similarities and differences for Cre3 and Cat genes in tested accessions with GenBank sequences. The numbers represent the genetic distance between the tested cultivars with similar sequences in the GenBank in Mega software.
genes. Results showed that the dendogram generated using SSR data divided wheat genotypes into two main clusters. Ten out of 17 wheat genotypes had both Cre genes and were in the same sub-cluster. All the genotypes except 'AUS-30851', 'LNM-72' and 'L11-17' were found to be resistant to CCN. Cre3, Cre1 and other Cre resistance genes were used in marker-assisted selection (MAS) programmes to identify CCN-resistant wheat genotypes. Our results demonstrated that Cre3 gene was present in five cultivars used. However, some cultivars were found to be moderately resistant, moderately susceptible, susceptible and highly susceptible. It has been shown that the effectiveness of Cre resistance genes toward H. avenae depends on the nematode pathotype in conferring total or partial resistance to different CCN populations (Simonetti et al., 2010) . Differential responses in host-nematode pathotype interactions occur in wheat lines carrying different cereal cyst nematode resistance (Cre) genes. Several studies have shown differential reactions of H. filipjevi populations to putative resistant cereal germplasm (Ozarslandan et al., 2010; Toktay et al., 2013; Wu et al., 2016) and, thus, the Cre genes may only confer resistance to some H. filipjevi pathotypes (Yavuzaslanoglu et al., 2016) . Cre1, located on chromosome 2B, confers resistance to most European CCN and the sole Australian pathotype, while Cre3, present on chromosome 2D, is highly resistant to the Australian pathotype and susceptible to a number of European pathotypes (Sharma et al., 2013) . Imren et al. (2013) and Smiley et al. (2017) reported that the Cre1 gene is the only one which showed complete resistance against the three main CCN species, H. filipjevi, H. avenae and H. latipons, whereas Cre3 and Cre7 were found resistant to H. avenae and H. latipons and CreR was also determined to be resistant to H. filipjevi and H. latipons populations (Imran et al., 2013) . However, Cre8 was found to be only resistant to the H. filipjevi population. The Cre2 gene did not confer resistance to any CCN populations. The present study, therefore, indicated that the H. filipjevi Isfahane pathotype can overcome the resistance conferred to wheat plants by the Cre3 gene, as was also reported for the Cre1 gene by Özarslandan et al. (2010) and Sahin et al. (2010) .
Catalase is one of the most important enzymes that remove hydrogen peroxide. Increased activity of this enzyme promotes plant resistance to stress conditions and, thus, increases the yield of the product (Jayatilake et al., 2015) . Infection of resistant wheat lines to H. avenae resulted in a hypersensitive reaction, with syncytial cells deteriorating in a few days. Following nematode infection, peroxidase, esterase and superoxide dismutase activities were increased in roots of resistant wheat lines compared to the roots of susceptible wheat cultivars. These enzymes may enhance the defence mechanisms and provide information on pathogen-induced promoters and signals to direct products to tissue affected by nematodes (Andres et al., 2001) . Therefore, our study clearly indicated that the catalase gene, by activating peroxidation reactions and increasing plant resistance to drought stress, may indirectly induce resistance to the nematode in the plant. In addition, the known published Cre genes found in bread wheat have a range of reactions in the regions where they were tested. This work demonstrates the importance of known resistant germplasm to determine the effectiveness of such resistance in differential pathotype virulence and subsequent utilisation of resistance sources to control CCN.
The PIC level varied from 0.44 to 0.81 for the effective primer pairs used in this study and the mean genetic diversity values of all the loci 'h' and 'I' were 0.31 and 0.47 in the tested wheat accessions, respectively. In the previous studies, Drikvand et al. (2013) examined 92 bread wheat varieties to study the genetic diversity and polymorphism based on 40 whole-genome SSR markers. Eighty alleles were identified and two alleles per locus were detected. They reported the PIC values in bread wheat ranged between 0.12 and 0.80. This indicates that the markers were highly informative. Wang et al. (2017a) reported that PIC value > 0.5 is considered as being a highly informative marker, while 0.5 > PIC > 0.25 is just an informative marker and PIC 0.25 is a slightly informative marker. In previous studies, Landjeva et al. (2006) , reported the PIC values in Bulgarian winter wheat ranged from 0.10 to 0.81, which is confirmed by our study. Salem et al. (2014) evaluated 33 diverse bread wheat varieties with Egyptian origin, using 17 SSR markers and the highest and lowest PIC value were 0.75 and 0.59, respectively. Erum et al. (2013) reported the average values of 'h' and 'I' as 0.11 and 0.23, respectively. Their inferences have indicated that the most diverse genotype was 'Moomal-2002' as compared to the rest of the genotypes studied, and the most effective loci to screen diversity was found to be the OPA-09 primer. The performance of 46 SSR primers indicated that the genotype 'Marvi-2000' was the most diverse and it was also identified as the most resistant genotype against CCN. Wang et al. (2017b) demonstrated the highest and lowest Nei's gene diversity (h) for 62 loci was Xcfa2134 (h = 0.94) and Xbarc206 (h = 0.25), with a mean value of 0.80.
In conclusion, the results from this study showed that the known resistance genes (Cre genes) against CCN could not control the H. filipjevi Isfahan pathotype populations, with the exception of the Cre1 gene. However, other sources of resistance seem to exist in wheat lines that do not possess Cre genes. Finding new sources of resistance is vital to control the different populations, especially in areas where a mixture of Heterodera species occurs. Therefore, countries in the 'Fertile Crescent', including Iran, Iraq, Syrian and Turkey, where wheat was first cultivated, could be the source of wild wheat relatives for screening against the main Heterodera species. Taking advantage of these sources of resistance is necessary to know the reaction of genotypes against CCN species to provide for new resistance lines in Iran.
